The finite element method has been employed to simulate the double-beam laser scribing on the Pattern 1 process of CuInGaSe2-based thin film solar cells (CIGS). The advantages of high concentrated power and manufacturing accuracy of laser beam have been used to remove the Mo thin film on the substrate. The thermal-elastic-plastic finite element models in company with temperature dependent material properties are applied to characterize the heating process during the laser scribing. The effects of laser scribing parameters, e.g. power, scribing speed, and the distance of two lasers, on the single-beam and double-beam laser scribing of Pattern 1 process are also studied in this work respectively.
Introduction
According to the manufacturing process used, the technical development of solar cells worldwide is categorized into three major types: crystalline silicon solar cells, dye sensitized solar cells, and thin-film solar cells. In particular, a recent study verified that CuInGaSe2-based (CIGS) thin-film solar cells can demonstrate a photoelectric conversion efficiency exceeding 20% [1] . Because CIGS technology exhibits favorable light absorption property, stable power generation, and low production costs, it can be prevalently applied in various fields and has assisted manufacturers in establishing a strong competitive advantage; hence, it has received substantial attention from researchers [2] .
The manufacturing of CIGS thin-film solar cells involves three essential scribing processes: the Pattern 1 (P1) scribing for molybdenum (Mo) thin films, Pattern 2 (P2) scribing for CIGS thin films, and Pattern 3 (P3) scribing for transparent electrical conductive oxide. Previously, conventional mechanical processing was employed in manufacturing CIGS thin-film solar cells. However, such a processing method easily generates fractured scraps near the scribed regions, creating uneven edges that result in inconsistent solar cell thickness. To ensure that fractured scraps do not affect scribed regions, a safe distance must be maintained between two scribed regions; however, this increases the material cost and can decrease cell efficiency [3] . To alleviate problems caused by mechanical processing, the present study used a high-energy laser to exert a high load on thin films to improve production quality.
This study adopted an ablation method to focus laser energy on the material surface and to melt or vaporize the material into small molecules. Subsequently, natural convection was used to remove the ablation residues. Adopting finite element analysis (FEA) software to investigate the effects of relevant manufacturing parameters, this study was conducted to stabilize the temperature field of the manufacturing process through utilizing the additive energy of a double-beam laser to acquire even processing grooves and to successfully scribe Mo thin films.
The Finite Element Model and Analysis Method
Universal business package software MSC Marc developed by MSC Software (United States) was used to solve the numerical calculations with its dedicated complementary tool pre-and postprocessor to conduct geometrical modelling, mesh cutting, and node data capture.
Initial Conditions: Initially, the material was at room temperature, and no stress was exerted to the material before the laser scribing process.
Boundary Conditions: To avoid obtaining the solution of free object movement, the bottom center of the model was configured as "constrain all." To prevent thermal expansion of the constrained object during the calculation process, displacement constraints were configured on the geometrical axis of symmetry of the model. The heating source adopted the common TEM00 laser mode, the laser density of which follows a Gaussian distribution. To reduce the calculation time, the simulation process accounted for the heat dissipation only on the material surface. Moreover, the heat energy from the laser was assumed to be absorbed only by the outermost layer of the material surface.
The mesh cutting of the model was conducted using an eight-node, isoperimetric hexahedral low-order element. Triple linear interpolation was adopted to define the physical quantity distribution of the element. In the execution of the MSC Marc software, Gaussian integral points were used in the Flux sub programming interface [4] . In the model, the mesh density near the laser radiation pathway substantially affected the accuracy with which each node defines the Gaussian laser heating source. Moreover, the low-order element used for the model must feature a width-length ratio of 1:3. If the size of the Mo thin film differed greatly from that of the model, applying the same mesh cutting method to the entire model could result in a high number of elements, which would markedly decrease the calculation efficiency. Therefore, a transition element method was employed to overcome the problem concerning how the region of interest accounts for an extremely low ratio of the entire material region.
Because the center of the region of interest (i.e., the Mo thin film) overlapped the radiation pathway of the mobile laser, the meshes were mostly concentrated at the center, and progressive cutting was employed to gradually increase the size of the meshes toward the two sides of the model. Regarding the cross-section of the model, the Mo thin film was first divided into three layers to ensure that the numerical calculation outcomes conform to the actual physical phenomenon. Next, the glass substrate was also divided into sets of three layers, with each layer increasing in size toward the bottom of the model. Therefore, fine meshes were created around the laser scribing pathway to enable accurate description of the Gaussian distribution of the heat generated by the laser. 160 µm
Fig. 1. Geometrical coordinates of the process model

Results and Discussion
The effect of the double-beam separation distance on the temperature field distribution of the Mo thin film surface was investigated. The laser spot radius and scribing speed were set at 35 μm and 600 mm/s, respectively. The laser output power was P1 = P2 = 13W. The remaining parameters were identical to those in the previous simulations.
The results showed two symmetrically distributed temperature fields. When the double-beam separation distance was set at 35 μm, the temperature field was the flattest, and the center of the distribution of the highest temperature also exhibited a flat cross-section. To determine which double-beam separation distance and spot size configuration effectively planarizes the temperature field, the FE simulation was conducted to examine the relationship between these two parameters. The results revealed that when the double-beam separation distance was equal to the spot size (g = ro), the flattest temperature field distribution was obtained. These two parameters exhibited a linear relationship; hence, a combination of the two parameters was considered ideal for the double-beam laser scribing process.
As illustrated in Fig. 4 , when the output power of the two laser beams was set at 10 W, performing laser scribing at a depth of 220 μm removed only parts of the material. However, increasing the output power of the laser expanded the vaporization range of the Mo thin film, indicating that increasing this parameter facilitates the scribing process. Fig. 5 depicts the relationship between the double-beam laser power output and temperature distribution. The results showed that the maximum temperature of the material increased with the output power of the laser. On average, each 1 W increment in power (reference power = 10 W) increased the temperature by approximately 230 °C. Because the double-beam laser scribing process involved the partial superposition of energy instead of a Gaussian-distributed energy mode to generate the scribing pathway, the extent of the temperature increase induced by raising the power output of the double-beam laser was slightly greater than that induced by increasing the power output of the single-beam laser.
The effect of laser power on the system was addressed from according to the efficacy of the double-beam laser scribing process. The results revealed that when the laser power output was set at 10 W, the processing requirement could not be met. Raising the power output enhanced the efficacy of the scribing process in removing the material. When the power was set at approximately 13 W, the processing requirement (40-60 μm) was fulfilled. Further increasing the power beyond this value caused the width of the scribed shape to exceed the processing requirement, thereby impeding the subsequent processing procedures, wasting additional material, and even decreasing the efficiency of the solar cell. g=100µm g=50µm g=40µm g=35µm g=30µm g=20µm 5 . Relationships of double-beam laser power output with temperature and scribing outcomes The laser output was set at P1 = P2 = 13 W, and the remaining parameters were the same as those in the previous simulations. Fig. 6 illustrates the temperature distribution cross-sections obtained using various dissimilar double-beam laser scribing speeds. The effect of the scribing speed on the system was similar to that of the laser power output. This finding was attributed to how increasing the laser speed decreases the amount of heat absorbed by the material surface. Fig. 7 illustrates the relationship between the scribing speed and temperature. The results showed that decreasing the scribing speed increased the maximum temperature of the material. Increasing the scribing speed two-fold (reference scribing speed = 200 mm/s) decreased the maximum temperature by approximately 30%. When the scribing speed was increased to 1000 mm/s (5 times the reference speed), the maximum temperature of the material was reduced by approximately 46%.
In Fig. 7 , when the scribing speed was set at 200 mm/s, the scribing width exceeded the required width. Setting the scribing speed at 400-600 mm/s yielded a scribing width that conformed to the processing requirement. 
High-Speed Double-Beam Laser Scribing Process
The scribing speed was set at 1000 mm/s, and ro and g were set at 35 μm to determine the most adequate power output for conducting the high-speed process. As illustrated in Fig. 8 , the system temperature increased with increasing power. On average, every 1 W increment in power raised the temperature by 3%. When P1 = P2 < 15 W, the resulting laser beam could not remove the material. The material on the scribing pathway became removable when the power was increased to 15 W. 
Medium-Speed Double-Beam Laser Scribing Process
The scribing speed was set at 600 mm/s, and the remaining parameters were identical to those in the high-speed process. The results revealed that the difference between the temperature at each point on the scribing pathway increased with increasing power. When P1 = P2 = 15 W, the maximum and minimum temperatures on the scribing pathway differed by approximately 5%; when the power was increased to 15 W, the difference was approximately 9%. This might be attributable to how when the heat flux increased; the thermal conductivity in the system became more active, which caused the temperature of the material to increase before it is radiated by the laser beam. Furthermore, the temperature increase accumulated as the material was radiated.
Regarding the thermal stress, the maximum stress was observed to be approximately 253.6 MPa, which is slightly lower than that of the high-speed process. Fig. 13 illustrates the tensile stress distribution. The maximum tensile stress was approximately 16.8 MPa, which is similar to that of the high-speed process. The maximum residual stress was approximately 7.91 MPa. Compared with the residual stress of the high-speed process, that of the medium-speed process exerted a smaller effect on the subsequent processing procedures.
Low-Speed Double-Beam Laser Scribing Process
The scribing speed was set at 200 mm/s, and the remaining parameters were identical to those in the high-speed and medium-speed processes. As shown in Fig. 10 , raising the power increased the scribing potential of the system. On average, each 1 W increment in power increased the maximum temperature of the material by approximately 13%. Compared with the temperature distributions of the high-speed and medium-speed processes, that of the low-speed process was the most sensitive to changes in output power. When the laser output power was set at 7 W, the Mo thin film on the scribing pathway reached the vaporization point.
The thermal expansion of the thin film exerted force on the substrate, causing tensile stress (32.2 MPa). The observed stress was approximately three-fold higher than those observed in the high-speed and medium-speed processes. The increase of tensile stress in the low-speed process might be attributable to the slow scribing speed, which facilitated improving the thermal conductivity of the laser heating source, material surface heat flux, and heat in the radiated material. However, because the glass substrate exhibited poorer thermal conductivity than did the Mo thin film, the heat energy and stress continued to accumulate in the glass substrate. Nevertheless, the observed tensile stress remained within a tolerable range. 
Conclusions
This study was conducted to apply the double-beam laser scribing process to the P1 process of CIGS thin-film solar cell manufacturing. A list of achievements in this study is as follows:
(1) According to the laser energy absorption on the material surface, simulations were conducted to determine the adequate wavelength for the P1 scribing process for manufacturing CIGS solar cells.
(2) The effect of each laser parameter on the single-beam laser scribing process was investigated. According to the results of the P1 process, the problems of the single-beam heating source configuration were identified. (3) The double-beam laser scribing process was employed to alleviate the problems of the single-beam method, including the V-shaped processing groove and insufficient scribing width. (4) FE analysis was adopted to examine the effect of each laser parameter on the double-beam laser scribing process. (5) Through numerical simulations, the high-speed, medium-speed, and low-speed double-beam laser scribing processes were explored to determine the appropriate parameters for each process.
This study also addressed the temperature distributions, thermal stress distributions, and residual stress distributions of the high-speed, medium-speed, and low-speed processes to provide practical parameter configurations.
